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Abstract


The spatial organization of the genome within the nucleus is a fundamental regulator of gene expression, genome stability, and cell identity. This review addresses the central question of how nuclear genome architecture contributes to disease mechanisms and diagnostics, and how technological advances enable its clinical exploration. We first outline the principles of nuclear genome architecture, including chromosome territories, replication timing, and 3D domains, and their role in gene regulation and disease. We then explore the mechanisms and consequences of chromosomal rearrangements, and how replication dynamics intersect with epigenetic regulation and genome stability. Diagnostic tools are presented in chronological progression, from conventional cytogenetics to high-resolution genomic and single-cell techniques. A dedicated section focuses on cancer cytogenomics and its clinical implications. We further highlight emerging technologies for 3D genome and epigenome profiling and their integration into diagnostic workflows. Finally, we discuss current challenges, such as standardization and cost, and the transformative potential of multi-omics and artificial intelligence for future precision diagnostics. Overall, we provide a comprehensive overview of how cytogenetics and cytogenomics contribute to the understanding and clinical diagnosis of genetic and neoplastic diseases.
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1. Introduction


In recent decades, genetic diagnostics have evolved from classical cytogenetics to cytogenomics, integrating chromosomal morphology with high-resolution genomic technologies. While traditional cytogenetics have long been central to identifying genomic syndromes and cancer-associated rearrangements, cytogenomics have broadened diagnostic capabilities by enabling the detection of a wider range of structural variants (SVs), including balanced and unbalanced rearrangements, inversions, duplications, and complex events such as chromothripsis [1,2,3,4].



Concurrently, the growing interest in the spatial and temporal organization of the genome has illuminated the functional relevance of three-dimensional (3D) nuclear architecture in gene regulation. Chromosome positioning, long-range chromatin interactions, and hierarchical compartmentalization into TADs, loops, and A/B compartments are functionally involved in transcriptional control and human disease [5,6,7,8]. Importantly, alterations in 3D genome topology have been implicated in diverse human pathologies, including developmental syndromes, neurogenetic disorders, and cancers, thus linking cytogenomic structural changes to functional consequences.



Within this framework, modern cytogenetics and cytogenomics have emerged as indispensable disciplines for elucidating the molecular mechanisms underlying rare genetic diseases and complex cancers. These fields now integrate high-resolution structural analysis with functional insights into genome architecture, offering progressively sophisticated diagnostic tools. This review aims to provide a comprehensive overview of cytogenomic approaches, emphasizing the need for their standardization in both research and clinical diagnostics. We focus on how alterations in nuclear genome organization and chromosomal structure contribute to disease pathogenesis and discuss current and emerging diagnostic strategies driven by technological innovation. Emphasis is placed on the integration of genome topology and single-cell technologies, which are paving the way for a new era of precision diagnostics and personalized medicine.



In this review, we address the following key questions: (i) How does the spatial organization of the genome contribute to gene regulation and disease mechanisms? (ii) What structural and topological alterations are observed in genetic and cancer-related disorders? (iii) How can cytogenetic and cytogenomic technologies be applied to improve diagnosis and prognosis? To answer these questions, this article is structured to progress from the basic principles of nuclear genome architecture (Section 2) to specific structural rearrangements (Section 3), functional layers such as replication timing and banding (Section 4), and the evolution of diagnostic technologies (Section 5). We then focus on cancer applications (Section 6) and conclude with emerging strategies based on 3D genome profiling and multi-omics integration (Section 7 and Section 8).




2. The Nuclear Genome Architecture in Health and Disease


2.1. Spatial Organization of the Genome and Chromosome Territories


The spatial organization of the genome within the interphase nucleus is a fundamental aspect of gene regulation and genomic stability. Rather than being randomly distributed, chromosomes occupy discrete chromosome territories that function as both structural domains and regulatory hubs [9,10,11,12].



These territories are not passive structural entities but are intimately involved in modulating transcriptional activity, DNA replication timing, and the DNA damage response. For instance, the radial positioning of chromosome 7 in human lymphocyte nuclei is strongly correlated with chromosomal band gene density and replication timing. Gene-rich regions tend to be localized toward the nuclear interior and replicate early during the S-phase, whereas gene-poor, heterochromatic regions are typically peripherally located and replicate later. This spatial–functional relationship underscores how nuclear architecture is tightly linked to the functional state of the genome [13,14].



To provide a plausible structural and biophysical mechanism underlying this spatial genome organization at the molecular level, the multilayer chromatin model proposed by Daban has been introduced. This model suggests that weak, repetitive interactions between nucleosomes can drive the self-assembly of chromatin into highly ordered, multilaminar structures. These configurations mirror the patterns observed in cytogenetic banding and are consistent with the functional compartmentalization within interphase nuclei. Moreover, they offer a physical substrate for the differential accessibility of genomic regions, enabling selective transcriptional regulation across distinct chromosome territories. In doing so, the model contributes both to structural integrity and to resistance against topological stress [15].



Moreover, alterations in chromosome positioning and territory organization have been implicated in pathological states, including cancer and developmental disorders. Disruptions in these spatial patterns—whether through structural rearrangements or epigenetic deregulation—can lead to aberrant gene expression, enhancer hijacking, or inappropriate long-range chromatin contacts (Figure 1). As such, spatial genome organization is emerging not only as a fundamental principle of nuclear biology but also as a clinically relevant dimension of genomic medicine [5].



This concept of genome architecture as a determinant of both structural stability and functional output is further expanded by the Genome Architecture Theory (GAT), which posits that the genome operates as a hierarchical system where the spatial configuration of the karyotype encodes regulatory instructions. According to this view, karyotype coding serves as a higher-order mechanism for coordinating gene networks, maintaining genomic integrity, and defining cellular identity. By integrating this theory with structural models such as Daban’s, one obtains a multiscale view of genome function—linking nanoscale chromatin organization to global nuclear topology and disease etiology informing new diagnostic strategies that move beyond linear, gene-centric approaches. Recent studies have supported this concept by framing karyotype organization as a form of ‘system inheritance’ central to both evolution and disease [16,17,18].




2.2. Topologically Associating Domains and 3D Gene Regulation


Within chromosome territories, the genome is further organized into topologically associating domains (TADs), which are self-interacting genomic regions that enable the coordinated activity of genes and regulatory elements within well-defined boundaries [19,20]. TADs serve as fundamental units of 3D genome organization, insulating gene regulatory interactions and preventing promiscuous enhancer–promoter contacts across domain boundaries (Figure 2).



The structural integrity of TADs is maintained by chromatin loops anchored by architectural proteins such as CTCF (CCCTC-binding factor) and the cohesin complex, which facilitate long-range interactions between promoters and distant enhancers—crucial for precise and dynamic transcriptional regulation [21].



These loops are not only essential for the proper spatial configuration of the genome but also underpin cell type-specific transcriptional programs by enabling or restricting physical contact between regulatory elements. The disruption of these looping structures has been associated with pathological gene misexpression, as seen in various developmental disorders and malignancies.



This 3D genome architecture is closely linked to the cell cycle: during the interphase, chromatin adopts an open and flexible conformation, allowing dynamic chromatin remodeling and transcriptional activity. In contrast, as cells enter mitosis, chromatin undergoes extensive condensation into highly compacted metaphase chromosomes. Despite this structural transition, the linear order of chromatin loops is preserved, which is believed to facilitate the faithful re-establishment of interphase nuclear organization after cell division into daughter cells [22]. This cyclical modulation of chromatin topology highlights the plasticity of nuclear architecture and its central role in maintaining cellular identity and genomic stability across generations.



Beyond TADs, it is important to contextualize genome organization within the broader framework of chromosome structure and nuclear architecture. Classical cytogenetic methods such as FISH banding continue to provide valuable insights into large-scale chromosomal organization and complement high-resolution genomic approaches. Notably, Cremer has emphasized the significance of integrating cytogenetic banding patterns with three-dimensional nuclear organization to better understand chromosomal behavior and function during the interphase [23]. This integrative perspective highlights how large-scale chromosome territories and their banding characteristics provide a scaffold within which finer-scale structures like TADs operate, thereby enriching our understanding of genome regulation in both physiological and pathological contexts.




2.3. Nuclear Architecture Alterations in Genetic and Neoplastic Disorders


Spatial alterations in nuclear architecture have been documented in several genetic and neoplastic disorders, highlighting the functional relevance of genome topology in human disease. For instance, in pediatric acute myeloid leukaemias (AML) carrying the recurrent t(7;12)(q36;p13) translocation, the MNX1 gene (formerly HLXB9) is repositioned within the nucleus and aberrantly expressed, demonstrating how changes in 3D genomic localization—not just gene disruption or fusion—can misregulate transcription by disrupting the regulatory element [5,24]. Beyond specific gene effects, the intrinsic genomic features of chromosomal bands, such as gene density and GC content, are associated with the phenotypic consequences of chromosomal rearrangements. Certain rearrangements disrupt TADs, rewire enhancer–promoter interactions, or reposition chromatin within the nuclear space, ultimately leading to pathological outcomes including congenital syndromes or oncogenic transformation. Conversely, some rearrangements affect regions with low regulatory complexity and maintain the spatial organization of the genome, persisting as chromosomal polymorphisms in the general population, being transmitted without pathological outcomes. This distinction underscores the critical role of nuclear genome organization in mediating genomic plasticity and evolutionary processes [5,25]. When nuclear organization is disrupted—such as through the mislocalization of genes, the separation of enhancers from their target genes, or the relocation of chromatin domains between transcriptionally active and repressive compartments—dysregulated gene expression may ensue. Conversely, rearrangements that preserve the integrity of nuclear topology are less likely to result in disease phenotypes, even when they involve considerable genomic material [26]. Thus, the interplay between genome structure and function offers a mechanistic explanation for the variable penetrance and expressivity observed in individuals with similar cytogenetic abnormalities. Moreover, it positions nuclear architecture as a key modulator of genomic plasticity, with implications for both evolutionary biology and clinical cytogenomics.




2.4. Diagnostic Implications and Future Perspectives of Functional Cytogenomics


Broader dysfunctions in nuclear architecture have been documented in cancer and genetic disorders. In cancer, alterations in chromosome territory positioning, TAD integrity, and chromatin loops can activate oncogenes and suppress tumor suppressors, promoting hallmark features such as uncontrolled proliferation and genomic instability [27]. Similarly, in disorders like laminopathies or Rett syndrome, mutations in nuclear structural proteins or chromatin remodelers cause nuclear disorganization, impairing epigenetic regulation and increasing susceptibility to DNA damage [28,29,30,31,32,33]. Beyond structural rearrangements, even single nucleotide polymorphisms (SNPs) located within non-coding regulatory regions can impact nuclear architecture with critical sequences involved in TAD organization which may affect the activation or silencing of specific genes. For instance, common variation in the regulatory architecture of the OCA2 gene locus affects pigmentation traits such as human eye color, illustrating how non-coding variants can influence phenotype through spatial genomic mechanisms [34,35].



Understanding these spatial alterations has driven the development of diagnostic strategies that integrate structural, morphological, and dynamic genome features. Notably, Misteli introduced the concept of the self-organizing genome, suggesting that 3D genome organization is not just a functional outcome but an active driver of gene regulation and genomic stability [36]. This view has catalyzed technological advances in genome visualization. Among them, optical genome mapping detects large-scale structural variants, while super-resolution microscopy enables the nanoscale visualization of chromatin domains and nuclear compartments. Recently, Deng et al. [37] emphasized that alterations in 3D chromatin architecture are tightly linked to transcriptional control in cancer, underscoring the diagnostic and prognostic potential of spatial genome analysis. These insights support the clinical implementation of nuclear architecture profiling as a powerful complement to sequence-based diagnostics, paving the way for a more comprehensive understanding of disease mechanisms and personalized therapeutic strategies.





3. Chromosomal Rearrangements: Mechanisms and Functional Implications


3.1. Mechanisms of Formation


Structural variations (SVs), including translocations, inversions, deletions, and duplications, contribute significantly to genomic diversity and are closely associated with numerous genetic disorders and cancers (Figure 3). These rearrangements can exert their effects through diverse mechanisms: by disrupting gene function, altering regulatory elements, or modifying the 3D genome architecture. In particular, SVs may reposition enhancers, insulators, or architectural proteins, thereby altering TAD boundaries and reshaping local and long-range gene regulatory interactions [7,38].



The formation of structural variants is driven by multiple DNA damage repair and replication-associated mechanisms, each characterized by distinct molecular signatures and clinical outcomes:




	
Non-Homologous End Joining (NHEJ): Repairs double-strand breaks without a homologous template, often generating small insertions or deletions and facilitating both balanced and unbalanced translocations. This mechanism is commonly implicated in lymphoid malignancies, where antigen receptor gene rearrangements misfire [39].



	
Fork Stalling and Template Switching (FoSTeS): Occurs during DNA replication when stalled forks switch templates, resulting in complex rearrangements such as deletions, duplications, and copy number variants [40].



	
Chromothripsis: A catastrophic event causing chromosome fragmentation and erroneous reassembly. This process can generate tens to hundreds of clustered rearrangements and is increasingly recognized as a driver of aggressive cancers such as glioblastoma, osteosarcoma, and some hematologic malignancies [41].



	
Chromoanasynthesis: A replication-based mechanism involving serial template switching during DNA synthesis, giving rise to highly complex SVs with duplications, triplications, and microhomology at breakpoint junctions. It is frequently associated with congenital malformation syndromes and neurodevelopmental disorders [42].



	
Chromoplexy: A process involving coordinated, interdependent DNA strand breaks and re-ligation events across multiple chromosomes. It generates complex but often balanced rearrangements and is particularly enriched in prostate and other epithelial cancers, where it can simultaneously affect multiple oncogenes and tumor suppressors [43].








These distinct mechanisms underscore the complexity of structural variant formation and highlight how the genomic context, repair pathway activity, and cell type specificity collectively shape the mutational landscape. In particular, the interaction between SV formation and 3D genome organization introduces an additional layer of functional consequence, as rearrangements that span or reshape TADs can lead to enhancer hijacking, neo-TAD formation, or inappropriate gene activation. Table 1 summarizes the primary pathways driving these events, outlines the types of structural variants typically observed, and lists representative clinical associations.



In addition to these principal mechanisms, several less frequent but biologically relevant pathways contribute to genomic structural instability. Break-Induced Replication (BIR) is a DNA repair process that operates in response to one-ended double-strand breaks, particularly under replication stress. This mechanism can lead to non-reciprocal translocations, segmental duplications, and copy number amplifications, and has been implicated in both cancer progression and genomic disorders [44]. Non-Allelic Homologous Recombination (NAHR), mediated by low copy repeats, is a recurrent source of rearrangements seen in syndromes such as DiGeorge and Williams–Beuren [45]. Finally, retrotransposition-mediated events, including LINE-1 (or L1) insertions, can disrupt chromosomal architecture and contribute to disease-causing SVs. L1 insertions may lead to insertional mutagenesis, exon disruption, or structural rearrangements, and have been linked to both germline and somatic structural variants in human disease [46].




3.2. Functional Impact


Structural variants can profoundly impact genomic function through a variety of molecular mechanisms that disrupt gene structure, regulatory networks, and chromatin architecture. These alterations contribute to a wide range of developmental anomalies, congenital syndromes, and malignancies. Below, we outline the major functional consequences of SVs:




	
Gene Disruption and Regulatory Alterations: SVs may interrupt coding sequences or reposition genes relative to regulatory elements (e.g., enhancers). Such disruptions may lead to a loss of gene function, inappropriate expression, or dosage imbalances [47]. For example, duplications upstream of the IHH gene cause ectopic enhancer interactions leading to digit malformations such as brachydactyly or syndactyl [48].



	
TAD Disruption: SVs can break or fuse TAD boundaries, altering chromatin loops and long-range gene regulation. SVs such as deletions, duplications, and inversions can fuse or separate TADs, alter chromatin loop dynamics, and facilitate inappropriate enhancer–promoter contacts. This “enhancer hijacking” mechanism can lead to tissue-specific gene misexpression, underlying some developmental disorders and cancers, as seen in duplications near the EPHA4 locus that cause limb abnormalities [49]. In cancers, TAD disruptions may activate proto-oncogenes or silence tumor suppressors through similar architectural perturbations.








Taken together, the mechanistic diversity of SVs underscores the necessity of integrating genome structural analysis with functional and spatial genomics to achieve a comprehensive understanding of disease. Modern diagnostic approaches must therefore not only detect the presence of SVs, but also interpret their regulatory consequences in the context of 3D chromatin organization and gene expression.




3.3. Clinically Relevant Rearrangements


Clinically relevant SVs encompass a wide spectrum with major implications in cancer biology and genetic syndromes. These rearrangements play critical roles in disease pathogenesis, prognosis, and therapeutic decision making. Below is an overview of key SV classes and their clinical significance:




	
Balanced Translocations: Balanced chromosomal translocations often result in gene fusions with oncogenic potential. A classical example is the BCR::ABL1 fusion in chronic myeloid leukemia (CML) [50]. Similarly, the t(15;17) translocation in acute promyelocytic leukemia (APL) produces the PML::RARA fusion, rendering the disease highly responsive to differentiation therapy with all-trans retinoic acid (ATRA) and arsenic trioxide [51].



	
Interstitial Deletions: Deletions on chromosome arms, particularly on 5q and 20q, are frequent in myeloid malignancies such as myelodysplastic syndromes (MDS), often associated with a favorable prognosis by disrupting tumor suppressor genes or regulatory regions [52]. In contrast, deletions affecting 7q and 17p correlate with aggressive disease and poor outcomes [53].



	
Complex SVs and Chromothripsis: Chromothripsis causes massive localized chromosomal rearrangements that drive oncogenesis by forming oncogenic fusions or deleting tumor suppressors. It is observed in hematologic malignancies and solid tumors like neuroblastoma and glioblastoma, which are frequently linked to treatment resistance and a poorer prognosis [54,55].



	
Constitutional Rearrangements: Microdeletions and duplications cause syndromes such as 22q11.2 deletion syndrome (DiGeorge syndrome), affecting the cardiac, immune, and neurodevelopmental systems [52]. Similarly, microdeletions/duplications at 15q13.2–q13.3 and cryptic chromosomal aberrations contribute to autism spectrum disorder and intellectual disability [56,57]. These rearrangements are often cryptic and may be missed by conventional cytogenetic techniques.








Recent advances in long-read sequencing and optical genome mapping are revealing previously undetectable complex SVs, enhancing diagnostic precision and enabling personalized therapeutic strategies [58]. Thus, clinically relevant chromosomal rearrangements span a wide range of genomic alterations—from balanced translocations central to leukemia pathogenesis, to chromothripsis driving solid tumors, and constitutional SVs underlying developmental syndromes. Understanding these rearrangements is essential for diagnosis, prognosis, and precision medicine approaches.





4. Replication Timing and Chromosome Banding in Cytogenomic Diagnostics


The temporal regulation of DNA replication—known as replication timing (RT)—is a fundamental determinant of genome organization and function. During the S-phase of the cell cycle, distinct chromosomal regions replicate at specific times, which closely correlate with transcriptional activity, epigenetic modifications, and the three-dimensional (3D) architecture of the genome. Early-replicating domains are frequently located in the nuclear interior and tend to co-localize with active compartments (A compartments), whereas late-replicating regions often reside at the nuclear periphery or in lamina-associated domains (LADs), corresponding to inactive B compartments. Changes in replication timing are increasingly recognized as markers of cell identity, differentiation state, and pathological transformation. During development, RT profiles undergo tightly regulated reprogramming to support lineage-specific transcriptional programs. Conversely, aberrant replication timing is observed in various cancers and developmental disorders, where it contributes to genomic instability, epigenetic deregulation, and altered nuclear architecture [59,60,61,62].



4.1. Replication Timing and Nuclear Architecture


Replication timing is a highly conserved and cell type-specific feature that reflects the precise temporal order by which different genomic regions are duplicated during the S phase. Rather than being a passive consequence of DNA synthesis, RT acts as an active marker of chromatin functional state [60]. Early-replicating domains are generally gene-rich, transcriptionally active, and associated with open chromatin marks, such as accessible chromatin, a high GC content, and an enrichment in active histone marks like H3K4me3 and H3K27ac. In contrast, late-replicating regions tend to be gene-poor, transcriptionally repressed, and associated with heterochromatic features, including H3K9me3, DNA methylation, and spatial proximity to the nuclear lamina [61,63,64].



Importantly, the 3D genome organization within the nucleus strongly correlates with RT. Chromosomal domains that replicate synchronously often cluster spatially, co-localizing with transcriptional hubs or repressive compartments [65]. Notably, early-replicating domains are preferentially located in the nuclear interior, while late-replicating domains are enriched at the nuclear periphery or near the nucleolus, indicating a spatial regulation of replication timing linked to nuclear architecture [66]. Replication domains (RDs) correspond closely to topologically associating domains (TADs), with replication order highly conserved across cell types and species. This correspondence suggests that the temporal and spatial regulation of DNA replication is coordinated through 3D genome topology [60,61,63]. Architectural proteins such as Rif1 contribute to the spatial organization and timing control of these domains through nuclear anchoring mechanisms [67,68].




4.2. Replication Timing as a Functional Marker


RT profiles are dynamic during development and differentiation, reflecting changes in chromatin organization and gene regulation. Domains can switch their replication timing between early and late S-phase as cells transition from pluripotency to differentiated states, suggesting a role for RT in lineage specification. These RT switches are not stochastic but follow defined patterns that are reproducible and cell type-specific, suggesting that RT plays a functional role in cell fate determination and lineage specification [69]. Such replication timing reprogramming is tightly coordinated with changes in chromatin accessibility, histone modification landscapes, and the activation or silencing of lineage-specific genes. For instance, regions that gain early replication during differentiation often correspond to genes that become transcriptionally active in the new lineage, while those that shift to late replication frequently correspond to developmentally repressed loci. This temporal restructuring is therefore considered a hallmark of epigenome remodeling during development.



Moreover, RT domains coincide with TADs whose boundaries are enriched in CTCF-binding sites and active regulatory elements [63], underscoring the link between replication timing, chromatin structure, and genome regulation.



The dynamic nature of RT during development implies that it is not merely a reflection of chromatin state but may actively participate in the regulation of transcriptional programs. RT shifts may contribute to the spatial repositioning of chromatin within the nucleus—for instance, by relocating loci from the transcriptionally repressive nuclear periphery to the active nuclear interior—thereby influencing their functional state. As such, RT is emerging as a key integrator of nuclear architecture, chromatin structure, and transcriptional control.




4.3. Epigenetic Regulation and Genome Stability


Late-replicating regions frequently overlap with lamina-associated domains (LADs)—large heterochromatic regions tethered to the nuclear periphery—and are enriched in heterochromatic histone modifications such as H3K9me3 and H3K27me3 [70]. These domains are generally gene-poor, transcriptionally silent, and display reduced chromatin accessibility, reflecting their repressed functional state and peripheral nuclear localization. Crucially, late-replicating regions are associated with a higher incidence of genomic instability. They exhibit elevated mutation rates and structural variation susceptibility, likely due to replication stress and less efficient DNA repair in the late S-phase [71]. Moreover, because late-replicating domains are often replicated under suboptimal conditions, they may undergo incomplete or error-prone replication, contributing to DNA double-strand breaks, chromosomal rearrangements, and epigenetic dysregulation. These features make them hotspots for genomic lesions, particularly in rapidly proliferating cells, such as in embryogenesis and tumorigenesis. Thus, RT can serve as an indicator of genomic instability, with significant implications for cancer and developmental disorders. In cancer, late-replicating regions are frequently affected by somatic copy number alterations, chromothripsis, and mutational clusters, while in congenital diseases, rearrangements involving late domains may lead to the dysregulation of gene networks essential for development. Finally, RT not only reflects the chromatin state and 3D genome architecture, but also serves as a functional indicator of replication fidelity and genome integrity. Integrating RT profiling with mutation mapping, structural variation analysis, and chromatin topology offers a powerful strategy for identifying the vulnerable regions of the genome and understanding their role in disease pathogenesis.




4.4. Chromosomal Banding and Epigenetic Organization


Given their shared genomic determinants and functional implications, replication timing and chromosome banding are considered together here to emphasize their convergence in both structural and diagnostic contexts.



Pioneering work by Dutrillaux and colleagues, along with subsequent studies, demonstrated that early- and late-replicating genomic regions correspond to specific cytogenetic bands: early replication is typically associated with R-bands (which appear as G-light bands in GTG banding; gene-rich, GC-rich regions), while late replication corresponds to G-dark bands (gene-poor, GC-poor regions) [64,72]. Additionally, very early-replicated regions can be highlighted by T-banding (telomeric banding). These findings have since been confirmed by numerous studies showing that replication timing profiles closely mirror chromosomal banding patterns and correlate with key genomic features such as gene density and base composition.



Importantly, these characteristics also influence chromatin spatial positioning within the interphase nucleus: early-replicating, gene-rich, GC-rich regions (corresponding to R-bands) tend to localize in the nuclear interior, whereas late-replicating, gene-poor, GC-poor regions (corresponding to G-dark bands) are typically found near the nuclear periphery [73]. By presenting replication timing and GTG banding together, we aim to underline their interconnectedness and relevance to nuclear genome organization—an aspect central to this manuscript.



Table 2 summarizes the principal features of chromosomal bands in relation to their replication timing and functional attributes.




4.5. Replication Stress and Disease Mechanisms


Replication stress, defined as the slowing or stalling of replication forks often due to nucleotide depletion, DNA lesions, or transcription–replication conflicts, disproportionately affects late-replicating regions. These regions have fewer origins of replication and limited time to complete DNA synthesis before mitosis, making them hotspots for chromosomal fragility, rearrangements, and copy number variants (CNVs) [79]. A well-documented consequence of replication stress is the expression of common fragile sites (CFSs), such as FRA3B and FRA16D, which are prone to forming gaps or breaks under replication stress, are frequently located in late-replicating domains and are commonly altered in cancers [80]. The instability of fragile sites under replication stress reflects not only their inherent structural properties but also their suboptimal chromatin environment, which hinders timely replication and DNA repair. This vulnerability is increasingly recognized as a driver of chromosomal instability in tumorigenesis and is being explored as a potential biomarker for cancer risk and progression.




4.6. Chromosomal Rearrangements in Human Pathologies


Structural rearrangements including deletions, duplications, inversions, and translocations frequently localize to late-replicating regions and can cause gene disruption or dysregulation. These rearrangements are associated with diverse pathologies including neurodevelopmental disorders and malignancies, highlighting the relevance of RT in genomic disease mechanisms [78].



Replication timing also influences DNA repair pathway choice: DNA damage in the early S-phase tends to be repaired via high-fidelity homologous recombination (HR), whereas damage arising in the late S-phase is more often resolved through error-prone non-homologous end joining (NHEJ), contributing to chromosomal instability [81,82]. This replication timing-dependent shift in DNA repair fidelity helps explain why late-replicating regions are disproportionately affected in contexts of genomic instability, such as in cancer, where defective checkpoint responses exacerbate the accumulation of DNA damage. Moreover, many fragile sites—regions prone to breakage under replication stress—are embedded within late-replicating chromatin and contribute to tumor-specific structural variants and copy number alterations.



In summary, replication timing integrates genome function, nuclear structure, and stability, providing critical insights for understanding chromosomal disorders and advancing cytogenomic diagnostics.





5. Diagnostic Technologies: From Conventional Cytogenetics to High-Resolution Genomics


The evolution of diagnostic technologies has revolutionized the field of clinical cytogenetics and cytogenomics, significantly expanding the ability to identify and characterize chromosomal and genomic abnormalities. What once relied solely on classical techniques—such as G-banding karyotyping, which allowed the microscopic visualization of large-scale chromosomal anomalies—has now expanded into a multidimensional and high-resolution genomic landscape, powered by advanced molecular and imaging tools. Modern cytogenomic diagnostics integrate structural, functional, and spatial data, providing not only a linear sequence-based view of the genome, but also insights into its three-dimensional (3D) nuclear organization, epigenetic regulation, and dynamic chromatin behavior [83,84,85]. This chapter provides an overview of the main diagnostic technologies, highlighting their features, potential, and limitations in the modern clinical context.



5.1. Classical Cytogenetics: Principles, Applications, and Limitations


Classical cytogenetics form the historical foundation of chromosomal diagnosis, based on the microscopic observation of chromosomes during the metaphase using staining and banding techniques (G-, R-, C-banding) [86,87]. These methods allow the mapping of chromosome positions and the identification of gross structural rearrangements such as translocations, deletions, duplications, and inversions, with a resolution of several megabases.



A particularly relevant aspect is the link between chromosomal bands and functional genomic properties (Table 2), such as gene density and replication timing: gene-rich bands tend to replicate early in the S phase, while gene-poor bands replicate later, with significant diagnostic and biological implications [63,64]. This correlation between visible chromosomal structure and functional activity represents an initial bridge between cytogenetics and functional genomics.



This integrative perspective has led to the emergence of what we refer to as functional cytogenomics, a conceptual framework that extends classical cytogenetics by incorporating insights from gene expression, 3D genome architecture, and epigenetic features. The goal is to understand not only structural alterations, but also their downstream functional consequences. While similar concepts are discussed under the broader term chromosomics in some recent literature, we adopt functional cytogenomics here to highlight the diagnostic and mechanistic relevance of this integration in clinical settings.



However, the limited resolution (approximately 5–10 Mb) and dependence on sample quality and operator experience are significant limitations. These limitations have restricted the utility of classical cytogenetics in detecting complex or subtle chromosomal changes commonly seen in neurodevelopmental syndromes, recurrent miscarriage, and oncogenic transformation. For instance, balanced translocations or low-level mosaicisms may escape detection entirely. However, classical cytogenetics remain clinically indispensable, especially in settings such as prenatal diagnosis (e.g., trisomy 21, structural rearrangements), haematologic malignancies (e.g., chronic myeloid leukemia), and congenital anomaly syndromes, where large-scale chromosomal alterations are etiologically implicated. When integrated with molecular cytogenetics (e.g., FISH) or genomic platforms (e.g., array-CGH, WGS), classical cytogenetics contribute essential contextual and spatial information on genome architecture that complements high-resolution sequence data.




5.2. Fluorescence In Situ Hybridization: Increased Specificity and Sensitivity


The development of fluorescence in situ hybridization (FISH) marked a major milestone in cytogenetic diagnostics, significantly enhancing the ability to detect specific DNA sequences with higher resolution than classical banding techniques. Initially applied to metaphase chromosomes, FISH enabled the precise localization of DNA probes on intact chromosomal structures, overcoming the limitations of morphological interpretation and allowing the detection of submicroscopic rearrangements with a resolution around 100 kb [88,89].



The subsequent adaptations of the technique allowed hybridization on interphase nuclei, enabling the analysis of non-dividing cells and facilitating faster turnaround in clinical diagnostics. This adaptation proved particularly valuable in prenatal diagnostics, hematological malignancies, and solid tumors, where the rapid, cell-cycle-independent detection of chromosomal abnormalities is crucial [88,90,91]. A further innovation was the development of FISH on extended chromatin fibers (fiber-FISH), which dramatically increased the mapping resolution to the kilobase range and allowed the visualization of the fine-scale genomic architecture [92,93,94,95].



Multicolor FISH (mFISH) and spectral karyotyping (SKY), which use combinatorial labeling of multiple chromosome-specific probes, represented another breakthrough by enabling the simultaneous visualization of all chromosomes in distinct colors. These techniques significantly improved the detection of complex karyotypic abnormalities, such as cryptic translocations, insertions, or marker chromosomes, which are particularly relevant in cancer cytogenetics [92,96].



In oncology, FISH has become an essential diagnostic tool, not only for confirming structural rearrangements such as BCR::ABL1, MYC or ETV6::RUNX1 fusions, but also for detecting gene amplifications (e.g., HER2 in breast cancer) and chromosomal gains or losses that impact treatment decisions. Moreover, nuclear FISH provides insights into the spatial organization of chromosomal territories and its perturbation in malignant cells, linking genomic instability with nuclear architecture alterations [77].



Despite the emergence of high-throughput sequencing technologies, FISH remains a gold standard in targeted diagnostics due to its specificity, relatively low cost, and ability to detect known alterations directly in single cells. Its versatility, from metaphase spreads to interphase nuclei and fiber preparations, ensures its continued relevance in both research and clinical applications. Its continued utility spans both clinical applications and basic research, making FISH a powerful tool in modern cytogenomics.




5.3. High-Resolution Genomic Technologies: Array-CGH, SNP Arrays, and Optical Mapping


The advent of array-based technologies represented a further leap in resolution and genome-wide detection capacity following the development of FISH. Array-comparative genomic hybridization (array-CGH) and single nucleotide polymorphism (SNP) arrays allow for the high-throughput detection of submicroscopic copy number variations (CNVs), gains, losses, and loss of heterozygosity (LOH), with resolutions down to a few kilobases [97]. Unlike conventional cytogenetic approaches, these platforms do not require actively dividing cells, allowing their use on a broader range of biological samples and making them first-tier diagnostic tools in several clinical contexts.



Array-CGH employs the hybridization of fluorescently labeled genomic DNA onto oligonucleotide or BAC arrays covering the entire genome, while SNP arrays incorporate probes targeting polymorphic loci, enabling the detection of allelic imbalances, regions of homozygosity, and uniparental disomy (UPD) in addition to CNVs. Their application has led to the identification of pathogenic CNVs in patients with developmental disorders, neuropsychiatric conditions, and congenital malformations, often revealing alterations not detectable by conventional cytogenetics or FISH [98]. In oncology, arrays are extensively used for tumor genome profiling, identifying chromosomal imbalances associated with prognosis, therapeutic response, and risk stratification, such as MYCN amplification in neuroblastoma or 1p/19q co-deletion in gliomas, both of which carry diagnostic and therapeutic significance [99].



Moreover, array-CGH data have elucidated the impact of structural variants on topologically associating domain (TAD) boundaries, highlighting the functional consequences of CNVs on 3D genome organization and gene regulation [100]. This underscores a growing convergence between cytogenomics and functional epigenomics.



Optical mapping represents a newer frontier, allowing the direct analysis of ultra-long DNA molecules (>150 kb) through the incorporation of fluorescent tags at specific sequence motifs, followed by imaging. This technique provides highly accurate structural variant detection, even across repetitive or poorly mappable regions, making it a valuable complement to short-read sequencing and a promising tool in the diagnosis of complex rearrangements in both rare diseases and cancer [101]. Recent clinical applications have confirmed its diagnostic power, with optical mapping successfully identifying constitutional chromosomal aberrations in cases unresolved by conventional cytogenetics [102]. In this context, digital chromosomal imaging can be considered a form of ultra-high-resolution banding, in which each “band” corresponds to a defined nucleotide sequence, unlike classical banding methods, where the underlying sequences are more heterogeneous.



Despite their high resolution, array-based methods lack the ability to detect balanced rearrangements (such as inversions or translocations), due to the absence of copy number change. This limitation can be addressed by combining arrays with complementary techniques such as FISH or next-generation sequencing (NGS). In contrast, optical mapping enables the detection of both balanced and unbalanced events in a single assay, positioning it as a powerful addition to the cytogenomic diagnostic arsenal.




5.4. Genomic Sequencing: Short-Read and Long-Read


The transition from targeted genetic tests to genome-wide sequencing has marked a paradigm shift in clinical diagnostics. Next-generation sequencing (NGS) platforms have enabled the comprehensive analysis of the genome at base pair resolution, surpassing the limitations of hybridization-based approaches and offering the ability to detect small-scale sequence variants across the entire genome.



Short-read sequencing technologies, such as those developed by Illumina, generate large volumes of high-quality sequence data by reading DNA fragments of 100–300 base pairs. These platforms are highly effective for identifying point mutations, small insertions and deletions (indels), and micro-CNVs, and are now routinely widely used in clinical exome sequencing (CES) and whole-genome sequencing (WGS) workflows [103]. However, due to their limited read length, short-read technologies face challenges in accurately mapping repetitive or low-complexity regions, resolving complex structural variants (SVs), and identifying balanced rearrangements such as inversions and translocations.



To overcome these limitations, long-read sequencing technologies have emerged as a powerful complement to traditional NGS. Platforms—such as Pacific Biosciences (PacBio) Single Molecule Real-Time (SMRT) sequencing and Oxford Nanopore Technology (ONT)—offer a transformative advantage in resolving structural variation, spanning long genomic repeats, and accurately detecting balanced rearrangements such as inversions and translocations [104,105]. Reads exceeding tens of kilobases in length allow the direct phasing of haplotypes, improved genome assembly, and a more precise delineation of breakpoint junctions, which are particularly relevant in oncogenomics and rare disease diagnosis.



These platforms are also instrumental in elucidating the effects of genetic variation on higher-order chromatin architecture. By integrating sequencing data with cytogenetic maps and 3D genome models, it is now possible to assess not only the presence of a variant but also its potential disruption of regulatory landscapes, chromatin loops, and TAD boundaries [106]. This convergence of sequencing, cytogenomics, and nuclear organization is paving the way toward more comprehensive and functionally informed diagnostic interpretations.



Despite showing promise, long-read sequencing technologies are not without limitations related to sequencing error rates (especially for ONT), data storage, and cost efficiency. ONT, while capable of ultra-long reads, historically exhibits higher per-read error rates, although accuracy has improved significantly with recent chemistry and basecalling advances. Both the ONT and PacBio platforms entail substantial computational and data storage demands, and remain more cost intensive than short-read sequencing, although prices continue to decline [107]. To harness the complementary strengths of both platforms, hybrid strategies that combine short- and long-read data are increasingly used to leverage the strengths of both platforms, combining the high base accuracy of short reads with the structural resolution of long reads to optimize variant detection—particularly in cases involving complex rearrangements, repeat expansions, or mosaicism [107,108].



In conclusion, next-generation sequencing technologies, both short- and long-read, are integral to the modern cytogenomic diagnostic workflow. Their integration with classical cytogenetic methods and emerging tools like optical genome mapping supports a multimodal approach to genome analysis [108].




5.5. Current Limitations and Clinical Applicability of Cytogenomic Technologies


While cytogenomic technologies have greatly advanced the detection of structural variations, each method presents specific strengths and limitations that shape its clinical applicability. Karyotyping remains useful for detecting large chromosomal rearrangements, while FISH offers a targeted resolution. CMA provides genome-wide CNV detection but misses balanced events. Short-read sequencing offers broad coverage but struggles with complex SVs, whereas long-read sequencing improves structural resolution at a higher cost. Optical genome mapping excels at identifying large, complex rearrangements but lacks single-nucleotide resolution.



The main features, diagnostic applications, and limitations of the technologies discussed above are summarized in Table 3, highlighting the complementarity between classical cytogenetic and modern genomic approaches.





6. Cytogenomics in Cancer Diagnosis and Prognosis


6.1. Chromosomal Rearrangements in Cancer Diagnosis and Prognosis


Cytogenetics and cytogenomics have historically been pivotal in understanding cancer biology, offering key diagnostic and prognostic insights [85]. Chromosomal rearrangements, including deletions, duplications, translocations, and inversions, can result in the formation of chimeric genes or the deregulation of oncogenes and tumor suppressor genes. These alterations not only define specific tumor entities but also provide valuable information for risk stratification, treatment response, and disease monitoring [109].



In hematological malignancies, chromosomal rearrangements are critical diagnostic markers and are integral to the World Health Organization (WHO) classification. For example, the t(9;22)(q34;q11) results in the BCR::ABL1 fusion gene. This fusion protein encodes a constitutively active tyrosine kinase, making it an ideal therapeutic target for tyrosine kinase inhibitors (TKIs) such as imatinib, which has dramatically improved survival rates [110]. Similarly, acute promyelocytic leukemia (APL) is defined by the t(15;17)(q24;q21) translocation generating the PML::RARA fusion gene. This fusion disrupts retinoic acid signaling and blocks myeloid differentiation. Importantly, it renders the disease highly responsive to differentiation therapy using all-trans retinoic acid (ATRA) in combination with arsenic trioxide, effectively transforming what was once a highly fatal leukemia into a largely curable disease [111]. Several other recurrent alterations, such as ETV6::RUNX1, KMT2A rearrangements, and high hyperdiploidy in childhood acute lymphoblastic leukemia, are associated with prognosis and treatment decisions. For instance, ETV6::RUNX1 is associated with a favorable prognosis, whereas KMT2A fusions or hypodiploidy are typically linked to adverse outcomes [112].



Unbalanced SVs such as microdeletions and microduplications are also responsible for well-defined genomic syndromes. For instance, a 7q11.23 deletion results in Williams–Beuren syndrome, characterized by cardiovascular anomalies, intellectual disability, and distinctive facial features. Conversely, a 17p12 duplication encompassing the PMP22 gene causes Charcot–Marie–Tooth disease type 1A, the most common hereditary neuropathy [84]. These examples illustrate how SV-mediated gene dosage and regulatory disruption contribute to diverse clinical phenotypes.




6.2. Advances in Cytogenomic Technologies and Their Clinical Impact


Several of these structural anomalies have well-established roles in diagnosis, prognosis, and therapy across diverse cancer types. Table 4 summarizes key cytogenomic alterations, their molecular mechanisms, and clinical implications.



Solid tumors also display recurrent cytogenomic alterations, although their characterization is often more complex due to tumor heterogeneity and lower proliferation rates in vitro. Nevertheless, FISH and microarray-based technologies have contributed to the identification of clinically relevant markers, such as ERBB2 (HER2) amplification in breast cancer, which predicts the response to anti-HER2 therapies such as trastuzumab, or 1p/19q co-deletion in oligodendrogliomas, which inform both the prognosis and therapeutic response [122,123].



The advent of high-resolution and genome-wide techniques, including array comparative genomic hybridization (aCGH), single nucleotide polymorphism (SNP) arrays, and next-generation sequencing (NGS), has revolutionized cancer cytogenomics. These tools enable the detection of submicroscopic copy number variations, loss of heterozygosity, chromothripsis, and complex structural rearrangements that may escape conventional karyotyping [124,125]. Furthermore, the integration of cytogenomic data with transcriptomic, epigenomic, and proteomic datasets enables multi-dimensional tumor profiling, refining tumor classification systems and uncovering novel oncogenic drivers, tumor suppressor alterations, and regulatory disruptions. This approach, as exemplified by large-scale initiatives like the Pan-Cancer Analysis of Whole Genomes (PCAWG), has elucidated common and tissue-specific patterns of genomic instability, mutation timing, and structural variant architecture across diverse tumor types [126].



Emerging technologies such as single-cell genomics, spatial transcriptomics, and integrated multi-omics are poised to further revolutionize solid tumor diagnostics. These platforms allow the dissection of cellular subclones, the tracking of tumor evolution, and the exploration of cell–cell interactions within the tumor microenvironment—all of which are critical for understanding therapeutic resistance, immune evasion, and metastasis. Together, these technological advances underscore the pivotal role of cytogenomics in driving personalized cancer diagnostics and therapeutics.





7. Integrating 3D Genome and Epigenome Data in Clinical Contexts


The integration of 3D genome organization data with epigenomic information represents an emerging paradigm in clinical diagnostics, providing a functional understanding of genomic alterations and their pathological implications, with direct relevance to clinical decision making [127,128].



7.1. Emerging Techniques for 3D Genome and Epigenomic Profiling


Hi-C and its variants (e.g., Capture Hi-C, Micro-C) enable the mapping of chromatin interactions on a genome-wide or targeted scale and enable genome-wide or locus-specific mapping of chromatin interactions, revealing the hierarchical organization of DNA into topologically associating domains (TADs), chromatin loops, and nuclear compartments (A/B) [19,20,129]. These data clarify long-range regulatory interactions, especially enhancer–promoter contacts. Capture Hi-C, in particular, enables the targeted analysis of disease-relevant loci identified by GWAS or structural variant studies [129].



Concurrently, ChIP-seq (Chromatin Immunoprecipitation sequencing) provides a genome-wide map of DNA–protein interactions, particularly histone modifications (e.g., H3K27ac for active enhancers, H3K27me3 for repressed regions) or the binding of key transcription factors, outlining the epigenetic landscape regulating gene expression. ChIP-seq is essential for identifying the regulatory elements that orchestrate cell type-specific gene expression programs [130,131].



ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) complements ChIP-seq by identifying open chromatin regions across the genome. These regions are typically nucleosome-depleted and accessible to transcription factors, serving as potential regulatory elements such as enhancers, promoters, and insulators [132]. ATAC-seq requires minimal input material and provides rapid profiling of chromatin accessibility, making it well suited for both basic and clinical research.



When integrated, these multi-omic approaches allow the reconstruction of 3D regulatory networks, which is essential for understanding how structural variants or epigenetic alterations disrupt genome function. Such disruptions can lead to enhancer hijacking, TAD boundary disruption, and gene misexpression, particularly in cancer and developmental disorders [6,133]. These technologies are increasingly incorporated into clinical genomics and disease modeling pipelines, helping to reveal mechanistic insights into how genetic and epigenetic changes influence phenotypic outcomes. A comparison of the available technologies is detailed in Table 5.




7.2. Examples of Clinical Applications


A paradigmatic example is enhancer hijacking, where chromosomal rearrangements relocate enhancers near oncogenes, such as MYC or TERT, leading to their ectopic activation without gene mutation [27,118]. Similar principles apply to congenital disorders like craniofacial and cardiac malformations, where TAD disruption displaces regulatory elements, altering developmental gene expression despite unmutated coding sequences [134,135].



3D genome mapping has uncovered the molecular basis of such conditions, offering new diagnostic and therapeutic opportunities. This shift highlights how pathogenicity can arise from structural alterations in non-coding regions that rewire regulatory interactions. As a result, chromatin topology analysis is becoming integral to clinical genomics, revealing hidden disease mechanisms and guiding targeted interventions based on spatial genome organization.




7.3. Towards Integrated Functional Cytogenomics


To translate these complex datasets into actionable insights, robust bioinformatic pipelines are essential. The integration of structural variation, epigenomic, and transcriptomic data requires sophisticated computational tools capable of managing and interpreting multi-layered information. Public databases such as ENCODE, 4D Nucleome, and Roadmap Epigenomics provide essential resources for contextualizing clinical data and comparing patient profiles to control populations [136,137].



The growing application of artificial intelligence and machine learning algorithms has improved the classification of complex structural variants and the prediction of the functional impact of 3D alterations, facilitating clinical interpretation [138,139,140]. These tools are currently under development to become integral components of future diagnostic and prognostic frameworks.




7.4. Future Perspectives


Looking ahead, integrated “functional cytogenomics” with multi-omics data will be a powerful tool for precision medicine, capable of enabling the definition of patient-specific molecular signatures and guiding targeted therapies based not only on genetic mutations but also on alterations in the nuclear architecture and epigenetic landscape [7,128]. The continued advancement of single-cell sequencing technologies, in conjunction with three-dimensional chromatin conformation analyses, will open new frontiers in our understanding of cellular heterogeneity. These developments will be particularly valuable in dissecting the cellular complexity of multifactorial diseases and identifying novel biomarkers for disease subtypes and therapeutic response [141,142].





8. Challenges and Future Perspectives


The integrated analysis of 3D genome structure and its epigenetic modifications is rapidly emerging as a cornerstone in the clinical diagnostics of genetic and neoplastic diseases. The ability to map chromatin interactions, topological domains, and epigenetic states provides a functional perspective that transcends linear DNA sequence information [6,143]. It allows for the identification of regulatory mechanisms underlying gene expression control, chromatin compartmentalization, and genome stability.



Recent technological advances—such as genome-wide and single-cell sequencing combined with high-resolution cytogenetic methods—are enabling the multidimensional integration of genomic, epigenomic, and transcriptomic data [144,145]. This holistic view facilitates not only the identification of point mutations or structural rearrangements but also the detection of disruptions in the spatial and temporal regulation of gene expression, which can underlie complex pathological phenotypes [21,127].



In clinical practice, the incorporation of nuclear organization studies into diagnostic workflows—alongside traditional genetic testing—holds the potential to refine tumor classification, enable the early detection of functional disruptions, and support therapy stratification. It may improve tumor subclassification, enable the earlier detection of regulatory disruptions, and facilitate the stratification of patients for targeted therapeutic interventions. Importantly, these spatial genomic features can serve as biomarkers for disease progression and therapeutic response, especially in cancers and neurodevelopmental disorders.



However, several challenges remain. These include the standardization of protocols, the reduction in implementation costs, and the development of scalable bioinformatic tools capable of processing and interpreting complex, multidimensional datasets. Equally important is the multidisciplinary training of healthcare and laboratory professionals, which will be essential to ensure the effective adoption of these innovations in routine diagnostics [146,147,148].



Future directions are promising: the convergence of multi-omics technologies and artificial intelligence is expected to yield highly personalized predictive models that integrate 3D genome architecture with environmental and clinical data [149,150]. These developments will lay the groundwork for more refined and timely interventions in genetic, oncological, and neurodegenerative diseases.




9. Conclusions


The integration of 3D genome architecture and epigenetic modifications into clinical diagnostics represents a paradigm shift in our understanding and management of genetic and neoplastic disorders. This multidimensional approach goes beyond linear DNA sequence analysis, revealing higher-order mechanisms that regulate gene expression and genome stability.



Advances in genome-wide and single-cell technologies, combined with advanced cytogenetic approaches, have already begun to impact clinical practice—particularly in oncology, where chromatin topology contributes to disease stratification and therapeutic decision making. Notably, cytogenetic approaches often retain greater predictive value than gene mutation profiling alone, particularly when structural context is critical.



Nevertheless, challenges remain. These include the standardization of experimental and analytical protocols, the need for cost-effective implementation, and the development of robust bioinformatic platforms tailored to clinical use. Interdisciplinary training will play a pivotal role in bridging the gap between innovation and clinical applicability.



Practical implementation requires context-driven decisions: optical genome mapping (OGM) is optimal for unresolved structural variants in haematologic malignancies or complex constitutional rearrangements; whole-genome sequencing (WGS) suits undiagnosed genetic disorders; chromosomal microarrays (CMA) remain first-line for neurodevelopmental phenotypes; and long-read sequencing offers resolution for repeat expansions or complex SVs.



To guide clinical application, we propose a tiered approach: CMA for the initial screening of developmental anomalies; WGS for comprehensive variant detection in undiagnosed cases; OGM for complex structural variants, particularly in oncology; and long-read sequencing for resolving challenging structural variants and repeat expansions. This strategy balances resolution, cost, and turnaround time to optimize diagnostic efficiency.



These decisions should be guided by clinical presentation, resolution needs, and resource availability, supporting a more personalized and efficient diagnostic workflow.



Finally, understanding genome architecture also benefits from evolutionary frameworks such as the Genome Architecture Theory, which emphasizes the regulatory role of karyotype coding in maintaining genome stability and cell identity. This perspective is particularly relevant in studying macroevolution, where chromosomal alterations, rather than single gene mutations, are recognized as key drivers of genomic innovation and adaptation.



Looking ahead, the integration of multi-omics approaches with artificial intelligence holds great promise for revolutionizing precision medicine. These integrative frameworks will enable the construction of highly individualized predictive models that incorporate not only genomic and epigenomic features, but also environmental exposures, clinical phenotypes, and temporal dynamics. Such models have the potential to drastically improve diagnostic accuracy, enable the early detection of disease states, guide personalized therapeutic regimens, and ultimately enhance clinical outcomes across a broad spectrum of genetic, oncologic, and neurodegenerative disorders.



In summary, embracing the complexity of genome architecture and integrating cytogenomic insights into routine diagnostics is no longer optional but imperative for the next leap in personalized medicine. Concerted efforts among researchers, clinicians, and bioinformaticians to standardize methodologies, expand interdisciplinary training, and foster collaborative innovation will accelerate the translation of these advances into tangible patient benefits. By doing so, we pave the way for a future where diagnosis and treatment are precisely tailored not only to the genetic code but also to the dynamic spatial and regulatory genome landscape, fundamentally transforming healthcare outcomes.
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The following abbreviations are used in this manuscript:



	3C
	Chromosome Conformation Capture



	3D
	Three-dimensional



	4C
	Circular Chromosome Conformation Capture



	5C
	Carbon Copy Chromosome Conformation Capture



	AI
	Artificial Intelligence



	ALL
	Acute Lymphoblastic Leukemia



	AML
	Acute Myeloid Leukemia



	APL
	Acute Promyelocytic Leukemia



	ATAC-seq
	Assay for Transposase-Accessible Chromatin using sequencing



	ATRA
	All-Trans Retinoic Acid



	B-ALL
	B-cell Acute Lymphoblastic Leukemia



	CGH
	Comparative Genomic Hybridization



	ChIP-seq
	Chromatin Immunoprecipitation sequencing



	CLL
	Chronic Lymphocytic Leukemia



	CMA
	Chromosomal Microarrays



	CML
	Chronic Myeloid Leukemia



	CNS
	Central Nervous System



	CNV
	Copy Number Variant



	CRISPR
	Clustered Regularly Interspaced Short Palindromic Repeats



	DAPI
	4′,6-diamidino-2-phenylindole



	DMR
	Differentially Methylated Region



	ESC
	Embryonic Stem Cell



	FISH
	Fluorescence In Situ Hybridization



	FoSTeS
	Fork Stalling and Template Switching



	FRET
	Förster Resonance Energy Transfer



	G-banding
	Giemsa banding



	GWAS
	Genome-Wide Association Study



	H&E
	Hematoxylin and Eosin



	H3K27me3
	Histone 3 Lysine 27 trimethylation



	HDAC
	Histone Deacetylase



	Hi-C
	High-throughput Chromosome Conformation Capture



	ICF syndrome
	Immunodeficiency, Centromeric instability, and Facial anomalies syndrome



	iPSC
	Induced Pluripotent Stem Cell



	LOH
	Loss of Heterozygosity



	MDS
	Myelodysplastic Syndromes



	MMEJ
	Microhomology-Mediated End Joining



	NAHR
	Non-Allelic Homologous Recombination



	NHEJ
	Non-Homologous End Joining



	OGM
	Optical Genome Mapping



	TAD
	Topologically Associating Domain



	TERT
	Telomerase Reverse Transcriptase



	TF
	Transcription Factor



	WES
	Whole-Exome Sequencing



	WGS
	Whole-Genome Sequencing
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Figure 1. Structural variation and chromosome territory reorganization. Structural variations involving chromosomal bands with different compositional properties can lead to the repositioning of specific genes into nuclear environments with distinct regulatory characteristics. This relocation may result in ectopic expression or repression of the translocated genes. Conversely, when the involved chromosomal regions share similar compositional properties, the structural variation may be functionally neutral or asymptomatic. 
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Figure 2. Chromosome territories and TAD compartmentalization. This schematic representation illustrates nuclear genome organization across hierarchical levels. The top panel depicts chromosome territories within the interphase nucleus. The middle panel shows the genome partitioned into Topologically Associating Domains (TADs), which are grouped into active (green) and repressed (red) compartments relative to the nuclear lamina. TADs are insulated by TAD boundaries, which maintain regulatory fidelity. The bottom left panel zooms into an active TAD compartment, highlighting intra-TAD chromatin interactions between regulatory elements (e.g., enhancers) and target genes via chromatin loops, which enable precise gene control. 
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Figure 3. Overview of genome structural variations, including deletions, inversions, insertions, and translocations. These rearrangements can disrupt gene function, create fusion genes, or alter gene regulation, and are often associated with developmental disorders and cancer. As a representative example, the Philadelphia chromosome translocation t(9;22)(q34;q11) is shown, resulting in the BCR::ABL1 fusion gene implicated in chronic myeloid leukemia. This example is provided to illustrate how structural genome alterations, including gene fusions, can play a central role in disease pathogenesis—among many other chromosomal rearrangements that impact human health. 
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Table 1. Major mechanisms of chromosomal rearrangement and their clinical implications.
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	Mechanism
	Description
	Types of Rearrangements
	Associated Disorders





	Non-Homologous End Joining (NHEJ)
	Error-prone repair of DNA double-strand breaks without homology
	Translocations, deletions, insertions
	Leukaemias (e.g., BCR::ABL1), lymphomas



	Microhomology-Mediated End Joining (MMEJ)
	Alternative end joining using short homologous sequences (microhomologies)
	Small deletions and complex rearrangements
	Genetic syndromes with structural variation



	Fork Stalling and Template Switching (FoSTeS)
	Template switching during replication fork stalling
	Complex duplications and deletions
	Genomic disorders (e.g., MECP2 duplication syndrome)



	Non-Allelic Homologous Recombination (NAHR)
	Recombination between low copy repeats leading to misalignment
	Recurrent deletions, duplications, inversions
	DiGeorge syndrome (22q11.2), Williams syndrome



	Chromothripsis
	Massive chromosome fragmentation and disordered reassembly
	Complex rearrangements
	Aggressive solid tumors, neuroblastoma



	Chromoanasynthesis
	Replication-based mechanism involving serial template switching and fork collapse
	Complex duplications, deletions, triplications
	Neurodevelopmental disorders, congenital anomalies



	Chromoplexy
	Interdependent chromosomal translocations and deletions, often in a single event
	Balanced and unbalanced rearrangements
	Prostate cancer, other solid tumors










 





Table 2. Distinctive genomic features related to chromosomal bands and replication timing.
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Replication Timing (a) and Band Staining Properties (b)




	
Features

	
Very Early (a)

R-Positive (b)

	
Early (a)

R-Positive (b)

	
Late (a)

R-Negative (b)

	
Very Late (a)

R-Negative (b)

	






	
Replication category (c)

	
1–3

	
4–9

	
10–14

	
15–19

	
[64,72]




	
GC content

	
>52%

	
44–52%

	
37–44%

	
<37%

	
[74]




	
Gene density

	
>15 genes/Mb

	
5–15 genes/Mb

	
5–15 genes/Mb

	
<5 genes/Mb

	
[75,76]




	
General chromatin state

	
Highly decondensed

	
Variable (d)

	
Variable (d)

	
Highly condensed

	
[10,66]




	
General transcriptional activity

	
High

	
Variable (d)

	
Variable (d)

	
Low

	
[63]




	
Intranuclear localization

	
Internal

	
Intermediate

	
Intermediate

	
Peripheral

	
[14,77]




	
Sensitivity to replication stress

	
Low

	
Intermediate

	
Intermediate

	
High

	
[78]








(a) DNA replicated before (early) or after (late) the BrdU-induced replication block. (b) Reverse banding patterns, based on heat treatment of chromosomes. (c) Band groups as defined by Dutrillaux et al. [72]. (d) Variability depending on the adjacent band type (very GC-rich or very-GC-poor).













 





Table 3. Diagnostic technologies in cytogenetics and cytogenomics: main characteristics and clinical applications.
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	Technique
	Resolution
	Type of Variant Detected
	Main Applications
	Main Limitations
	Clinical Use





	Classical Cytogenetics (Banding)
	~5–10 Mb
	Numerical abnormalities, large unbalanced or balanced rearrangements
	Chromosomal syndromes; constitutional and acquired translocations
	Low resolution; subjective interpretation; limited to dividing cells
	Prenatal, hematology, infertility



	FISH
	~100 kb
	Targeted deletions, duplications, translocations
	Rapid targeted diagnosis; monitoring known aberrations
	Not genome-wide; probe design required
	Oncology, known microdeletions



	Array-CGH
	~10–50 kb
	Submicroscopic copy number variations (CNVs)
	Diagnosis of genomic syndromes; oncogenomic profiling
	Cannot detect balanced rearrangements
	Syndromic anomalies, prenatal testing



	SNP Arrays
	~10–50 kb
	CNVs, copy-neutral LOH, uniparental disomy
	Diagnosis of genetic diseases; tumor susceptibility screening
	Limited for structural complexity; no balanced rearrangements
	Oncology



	Optical Mapping
	kb–Mb
	Complex rearrangements, large insertions, repeats
	Cancer diagnostics; structural variant resolution in genetic disorders
	Still emerging; requires high molecular weight DNA
	Cancer, constitutional SV screening



	Short-Read Sequencing
	bp–kb
	SNVs, indels, micro-CNVs
	Exome/genome sequencing; detailed molecular diagnostics
	Poor detection of structural variants in repetitive regions
	Rare diseases, cancer genomics



	Long-Read Sequencing
	kb–Mb
	Complex structural variants, repeat expansions, inversions
	Rare disease diagnosis; structural variant characterization; research
	High cost; error rates (platform-dependent); large data volume
	Complex cases, unresolved diagnostics










 





Table 4. Representative cytogenomic alterations in cancer: underlying mechanisms and diagnostic/prognostic relevance.
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	Cytogenomic Alteration
	Tumor Type
	Mechanism
	Clinical Implications
	References





	t(9;22)(q34;q11)—BCR::ABL1
	Chronic myeloid leukemia
	Balanced translocation and fusion gene
	Diagnostic marker; targeted therapy with tyrosine kinase inhibitors
	[113,114]



	t(14;18)(q32;q21)—BCL2
	Follicular lymphoma
	Balanced translocation
	Diagnostic and prognostic marker
	[115,116]



	Amplifications and rearrangements of MYC
	Aggressive lymphomas, solid tumors
	Amplifications and translocations
	Poor prognosis; oncogenic activation
	[117]



	Chromothripsis
	Solid and hematological malignancies
	Complex genome rearrangement
	Genomic instability; unfavorable prognosis
	[41]



	Enhancer hijacking
	Leukaemias, solid tumors
	Oncogene activation via aberrant enhancer contacts
	Novel diagnostic and therapeutic targets
	[7,118]



	5q deletions
	Myelodysplastic syndrome, acute leukemia
	Genomic loss
	Loss of tumor suppressor genes; prognostic significance
	[119]



	inv(16)(p13q22)
	Acute myeloid leukemia
	Chromosomal inversion and fusion gene
	Favorable prognosis; diagnostic marker
	[120]



	del(17p)—TP53
	Various tumors and leukaemias
	Tumor suppressor gene loss
	Poor prognosis; therapy resistance
	[121]










 





Table 5. Technologies for 3D genome and epigenomic profiling.
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	Technique
	Principle
	Clinical Applications
	Strengths
	Limitations





	Hi-C
	Genome-wide sequencing of chromatin interactions
	Detection of altered TADs, chromatin loops, and rearrangements in cancer and genetic diseases
	Genome-wide coverage, 3D spatial information
	Limited resolution without enrichment



	Capture Hi-C
	Targeted enrichment of Hi-C libraries
	High-resolution analysis of disease-associated loci
	Target specificity, high resolution
	Dependent on prior selection of target regions



	ChIP-seq
	Sequencing of DNA bound to histone marks or TFs via immunoprecipitation
	Epigenetic profiling in cancers and developmental disorders
	Functional annotation of regulatory states
	Requires specific antibodies and good-quality samples



	ATAC-seq
	Tagging of open chromatin with Tn5 transposase
	Active regulatory region identification, tumor heterogeneity
	Low input, high resolution
	No protein-specific information



	HiChIP/PLAC-seq
	Combination of Hi-C and ChIP-seq to map protein-mediated chromatin contacts
	Enhancer–promoter mapping in rare diseases and cancer
	Protein-centric 3D contact profiling
	Technically complex and expensive



	Single-cell Hi-C/ATAC-seq
	Cell-level profiling of 3D structure or chromatin accessibility
	Heterogeneity analysis in cancer and rare disease
	Single-cell resolution, fine population analysis
	High cost, complex data analysis



	DNA FISH
	Fluorescent hybridization of DNA probes on cells or nuclei
	Rearrangement detection, nuclear positioning analysis in cancers
	Visual validation, widely used in diagnostics
	Limited resolution, not genome wide



	CUT&Tag/CUT&RUN
	Epigenetic profiling with minimal material input
	Rapid profiling in clinical specimens
	Low input requirements, high sensitivity
	Protocol standardization still required for clinical use



	Optical Mapping
	High-resolution physical mapping of long DNA molecules
	Detection of complex rearrangements, integration with 3D genome data
	Complementary to sequencing, provides structural insight
	Lacks direct 3D spatial data
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